A bound state in the continuum (BIC) is a localized state of an open structure with access to radiation channels, yet it remains highly confined with, in theory, infinite lifetime and quality factor. There have been many realizations of such exceptional states in dielectric systems without loss. However, realizing BICs in systems with losses such as plasmonics remains a challenge. In this Letter, we explore the possibility of realizing BICs in a hybrid plasmonic-photonic structure consisting of a plasmonic grating coupled to a dielectric optical waveguide. The plasmonic-photonic system supports two distinct groups of BICs: symmetry protected BICs at the Γ-point and off-Γ Friedrich-Wintgen BICs. The photonic waveguide modes are strongly coupled to the gap plasmons in the grating leading to an avoided crossing behavior with a high value of Rabi splitting of 150 meV. Moreover, we show that the strong coupling significantly alters the band diagram of the hybrid system revealing opportunities for supporting stopped light at an off-Γ wide angular span. [5] [6] [7] [8] . According to Friedrich and Wintgen, when two resonances pass each other as a function of a continuous parameter, the two channels interfere resulting in an avoided crossing of their resonances. Typically, at a given value of the continuous parameter, one of the channels vanishes entirely and hence becoming a BIC with an infinite quality (Q) factor [9] . With any perturbation in the ideal system, such as loss or finite extent of the system, the BIC would collapse to a Fano resonance with a finite lifetime -a regime known as a quasi-BIC [5, 10] . Generally, practical realizations are limited to the quasi-BIC regime as according to the theory, the true BICs can only be achieved in systems with at least one of the dimensions extending to infinity [5] .
A bound state in the continuum (BIC) is a localized state of an open structure with access to radiation channels, yet it remains highly confined with, in theory, infinite lifetime and quality factor. There have been many realizations of such exceptional states in dielectric systems without loss. However, realizing BICs in systems with losses such as plasmonics remains a challenge. In this Letter, we explore the possibility of realizing BICs in a hybrid plasmonic-photonic structure consisting of a plasmonic grating coupled to a dielectric optical waveguide. The plasmonic-photonic system supports two distinct groups of BICs: symmetry protected BICs at the Γ-point and off-Γ Friedrich-Wintgen BICs. The photonic waveguide modes are strongly coupled to the gap plasmons in the grating leading to an avoided crossing behavior with a high value of Rabi splitting of 150 meV. Moreover, we show that the strong coupling significantly alters the band diagram of the hybrid system revealing opportunities for supporting stopped light at an off-Γ wide angular span.
In 1929, von Neumann and Wigner predicted the existence of localized eigenstates of the single particle Schrödinger equation embedded in the continuum of eigenvalue state solutions, now known as embedded eigenstates or bound states in the continuum (BICs) [1] . Later, there have been many explanations for the formation mechanisms leading to the different types of BICs including symmetry-incompatibility [2] [3] [4] , and destructive interference of resonances [5] [6] [7] [8] . According to Friedrich and Wintgen, when two resonances pass each other as a function of a continuous parameter, the two channels interfere resulting in an avoided crossing of their resonances. Typically, at a given value of the continuous parameter, one of the channels vanishes entirely and hence becoming a BIC with an infinite quality (Q) factor [9] . With any perturbation in the ideal system, such as loss or finite extent of the system, the BIC would collapse to a Fano resonance with a finite lifetime -a regime known as a quasi-BIC [5, 10] . Generally, practical realizations are limited to the quasi-BIC regime as according to the theory, the true BICs can only be achieved in systems with at least one of the dimensions extending to infinity [5] .
Another imperative regime is so-called "near-BIC" at which very high Q factors are still attainable in the vicinity of the BIC. These high-Q resonances can be explained using the Theory of Resonance Reactions by Fonda and Newton [11] ; a bound state can exist in the continuum at an energy where some channels are open even when the open and closed channels are strongly coupled. If the actual Hamiltonian differs inconsiderably from the one which would produce such bound state, a sharp resonance arises in all scattering and reaction cross sections. Central advantages of the near-BIC regime are that, unlike regular guided modes below the light-line, the modes in this regime can be excited by free propagating plane waves. Moreover, near-BIC resonances can be obtained over an interval of the continuous parameter values, in contrast to BICs which are generally achieved at a single value of the parameter. This provides stability to fabrication tolerances and other imperfections [10] .
BICs in photonic systems were realized for the first time in 2008 [12] and since then there has been growing interest in their implementations as well as practical applications [2, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] . There have been numerous realizations of BICs in dielectric systems [ [2, 16, [24] [25] [26] [27] . However, the studies of metallic structures capable of supporting BIC have remained limited due to their intrinsic losses [27] . Proposals for realizing BICs in systems with metallic components have been restricted to either working at the limit of vanishing metal losses [28] or compensating the losses with gain from an active medium [27] . Recently, extensive efforts have been made to realize high-Q plasmonic systems [29] [30] [31] [32] . Plasmonic cavities with relatively high Q factors have been achieved based on defect modes [32] , collective plasmon resonances [30] , metallic trench Fabry-Perot resonator [33] , high aspect ratio metallic mirrors [34] , or plasmonic nanocavities [35] . However, the demonstrated Q factors of the plasmonic cavities have thus far been limited to a few hundred due to both the radiation and metallic losses.
In this work, the radiative losses in plasmonic structures have been almost fully eliminated by the judicious design of a structure that strongly couples surface plasmon polaritons to photonic modes to form BICs, therefore, achieving radiation suppression. The two interacting channels in the system are: the photonic modes of a dielectric slab waveguide and the plasmonic modes supported by a one-dimensional (1D) periodic silver relief grating, Fig. 1(a) . When the two channels strongly couple, two distinct features can be observed. First, an avoided crossing of the two angular dispersion lines with a reasonably large Rabi splitting can be achieved -a signature of the strong coupling between the polaritonic and photonic modes leading to the formation of a polaritonicoptical quasi-particle [36] . Second, the vanishing of one of the spectral lines and the broadening of the other at a specific angle of illumination can be observed -a distinct feature of the BIC formation caused by the destructive interference of the two resonances.
A schematic of the resonances interactions is depicted in Fig. 1(b) . The unperturbed resonances of the plasmonic (blue) and photonic (red) modes are shown as dotted lines while the coupled modes of the hybrid system are depicted as solid lines. The angular dispersion of surface plasmons excited on the surface-relief grating is a result of a hybridization of the classical surface plasmonpolariton with a plasmonic grating. Subsequently, a band-gap opens up at a wavelength determined by the grating periodicity [37] :
where κ sp is the momentum of the surface plasmon, λ 0 is the free space wavelength, n eff is the effective refractive index of the plasmonic mode, θ is the angle of incidence, Λ is the grating pitch, and m is the diffraction order of the grating. Likewise, the hybridization of the dielectric slab waveguide with the grating results in the excitation of the photonic modes with a narrow spectral width (red lines) [38] . Overall, the hybrid system supports two distinct types of BICs: symmetry-protected and Friedrich-Wintgen BICs. The former appears at the Γ-point at normal incidence due to the symmetry incompatibility with the outgoing field, leading to the decoupling from the free-space propagating waves and hence the localization of the state with an infinite lifetime. We denote the bound state originating from the symmetry of the plasmonic mode as symmetry-protected plasmonic BIC, while the states originating from the symmetry of the photonic mode as symmetry-protected photonic BIC. Friedrich-Wintgen BIC appears at an off-Γ point due to destructive interference of the resonances at the correct phase matching conditions [9] . This type of a bound state is also sometimes referred to as an "accidental" BIC [25] . In the absence of strong coupling, the dispersion of the photonic and the plasmonic modes will simply cross each other at a certain angular position. However, due to the strong coupling of the photonic and plasmonic modes, an avoided resonances crossing is observed with a Rabi splitting Ω R , Fig. 1(b) . This is a signature of the hybridization of the plasmon polaritons and the optical waveguide mode leading to the formation of a new polaritonic-optical quasiparticle [36] as well as the BIC. An important characteristic of the Friedrich-Wintgen BIC achieved in the proposed structure is that it originates from the interference of two resonances with different natures, namely a photonic mode and a plasmon polaritons. This provides excellent flexibility in the design of the dispersion of the resonances enabling high control on their spectral positions, angular span, and linewidth.
The proposed structure is composed of a silver relief grating (with pitch Λ = 400 nm) coupled to a silicon dioxide (SiO 2 ) slab with thickness d = 500 nm. The geometrical parameters are chosen to ensure spectral overlap of the plasmonic resonances and the photonic modes to achieve coupling. The periodic ridges of the grating are 30-nm high and 100-nm wide while the back silver film is 100-nm thick. The dielectric constant of SiO 2 is fixed at 2.25, and the permittivity of the silver is taken from ellipsometric measurements (see Supplemental Material (SM) [39] ). The simulated reflection spectrum as a function of the angle of incidence (band diagram) is shown in Fig. 2(a) . We use finite difference time domain method for calculating band diagrams and electromagnetic fields; more details can be found in SM [39] . The symmetry-protected plasmonic and photonic BICs are shown in Fig. 2(a) inside blue and red dotted circles, respectively. As mentioned above, both BICs appear at the normal incidence. More notably, the Friedrich-Wintgen BIC, inside a white circle [ Fig. 2(a) ], resulting from the interference and the strong coupling of the photonic and the plasmonic modes, appears at 11.4
• angle of incidence. For clarity, the calculated reflection coefficients are plotted separately at angles 0
• and 2 • , Fig. 2(b) , demonstrating the noticeable and sudden appearance of sharp Fano resonances when moving away from the symmetry protected BIC point. This is a clear manifestation of the theory of resonances [11] when operating at the near-BIC regime. Also, we show vertical cross-sections of the electric field at the near-BIC point at 540.2 nm at 2
• in Fig. 2(c) to test in-plane light confinement. The localization of the field inside the dielectric layer and minimal radiation is clearly visible even with available access to the radiation channels. On the other hand, even a small deviation (by just 1 nm) from the near-BIC resonance of Fig. 2(d) would result in significant radiation to the air and nearly one order of magnitude drop in the max field enhancement (not shown). The ability to confine and enhance light at the near-BIC is very crucial for enhancing light-matter interaction. However, more importantly, light confined at this regime, unlike regular guided modes below the light-line, can be excited by the free propagating plane wave. The reflection coefficients at selected angles of incidence are scaled and plotted in Fig. 2 (e) illustrating a clear avoided crossing behavior with Rabi splitting value of 150 meV. The natures of the modes are exchanged due to the strong coupling, and at an angle of 11.4
• , the spectral width of one resonance entirely vanishes. The band diagram of the silver grating covered with an extended SiO 2 layer is given in Fig. S3 . It shows the dispersion of only plasmonic modes due to the absence of mode hybridization as well as strong coupling. Also, the nature of the plasmonic component is explored by calculating the band diagram of a high index dielectric (titanium oxide) grating on top of a silver back-reflector is given in Fig. S5 . The band diagram still shows narrow resonances due to the excitation of the photonic modes in the top waveguiding layer due to the additional momentum provided by the grating. However, we observe resonance crossing and no strong coupling in the system which suggests that the origin of surface plasmon modes involved in the strong coupling is not the propagating surface plasmon but the gap plasmon. More details can be found in the SM [39] .
As the linewidth of the resonance disappears, its Q factor diverges. This is the most direct manifestation of the formation of a BIC. In general, the Q factor of a plasmonic mode is governed by the intrinsic metallic loss as well as the optical radiative loss into free space. At (near) the BIC points, the radiation into free space is inhibited (minimized); therefore, the Q factors of the hybrid plasmonic-photonic modes around BICs are only metal loss-limited. The Q factors of the resonances around the three BICs discussed earlier are calculated by fitting the reflection coefficients to the Fano formula [40] and are shown in Fig. 3 . The Q factors of the symmetryprotected plasmonic and photonic BICs are depicted in Fig. 3(a) and 3(b) , respectively. The Q factor of the resonance diverges at 0
• angle of incidence in both cases as the linewidth of the resonance approaches zero. The nature of the mode is reflected in the electric fields plotted in the insets at an angle of 5
• and 697.1 nm wavelength for the plasmonic mode, Fig. 3(a) , and 2
• and 540.1 nm for the photonic one in Fig. 3(b) . The Q factor of the hybrid (Friedrich-Wintgen) BIC is shown in Fig. 3(c) with the type of interacting modes exchanged at the BIC point. BIC appears at an angle of 11.4
• where the linewidth disappears. The hybridization is evident from the field plots given at the insets of Fig. 3(c) showing a plasmonic nature (at 5
• and 596.3 nm) and photonic • as the plasmonic channel interferes destructively with the photonic one. Insets show fields of the plasmonic channel at 5
• 596.3 nm (left) and the photonic one 15
• 630.3 nm (right).
nature (at 5
• and 630.3 nm).
Varying the thickness of the waveguiding layer changes the number of the supported waveguide modes and strongly modifies the reflectance spectra. Fig. 4 shows the reflection spectra vs. angle of incidence for the hybrid plasmonic-photonic structure with a top dielectric layer thickness of 200-nm [ Fig. 4(a) ] and 800-nm [ Fig. 4(b) ]. Several intriguing features can be noted from Fig. 4 . First, the hybridization of the plasmonic and photonic modes allows for bandgap engineering depending on the number of modes supported by the system and their spectral overlap. From the modal analysis, a 200-nm thick silica slab waveguide surrounded by air would support a single TM mode at 600 nm wavelength. That explains the single band is appearing at Fig. 4(a) . However, the 800-nm slab supports 3 TM modes at 600 nm which is manifested by the multiple interactions and avoided crossings These results demonstrate the possibility of band gap engineering by designing the dispersion of either the photonic or the plasmonic component of the system. Moreover, the system supports slow light, not only at the band edge (around Γ-point) similar to conventional plasmonic gratings but also as multiple other θ values. More interestingly, the spectral bandwidth along which the slow light can be supported is greatly increased. We can clearly observe three distinct bands in Fig. 4(b) at which the slope of the resonance is almost zero indicating slow light. Unlike conventional plasmonic gratings where the slow light is supported at the band edge for only a single angle of incident light, here, the engineering of the band diagram with the mode hybridization allows extending this range significantly. The three slow light bands are centered at 550 nm, 577 nm, and 595 nm, with their angular bandwidths of 8
• , 5
• , and, 5
• , respectively. Therefore, the proposed structure is not only capable of selecting the central angle (and band) at which the slow light exists and extending its angular span, but also, it provides means to spectrally select where the slow light is supported.
In conclusion, we have demonstrated the formation of bound states in the radiation continuum in systems with a realistic intrinsic loss. Due to the strong coupling of the photonic and the plasmonic modes, the nature of the modes is exchanged at the exceptional points, and the losses are significantly reduced due to suppression of radiation. Two different types of BICs are accessible in the hybrid plasmonic-photonic system due to the symmetry incompatibility with the radiation as well as the destructive reactions of resonances. A distinct characteristic of the Friedrich-Wintgen BIC achieved in this study is that it originates from the interference of two resonances with different natures. The system studied exhibits an exquisite set of phenomena including the formation of localized states with, in principle, infinite lifetimes, strong coupling with large Rabi splitting, optical bandgap engineering and slow light with broad spectral robustness. We believe that these hybrid structures are perfect candidates for low-threshold lasers, sharp spectral filters, enhancement of nonlinear phenomena as well as sensors.
